ABSTRACT: Selective CO 2 reduction via photoelectrocatalysis is a creative approach to alleviating the energy crisis and environmental deterioration as well as to producing value-added chemicals. A considerable challenge is the development of electrocatalysts and photoelectrocatalytic systems to selectively and efficiently produce a target product. Here, we report an efficient and selective photocathode for converting CO 2 to HCOOH in aqueous solution. A rational compositional screening strategy was first applied to pinpoint In 0.4 Bi 0.6 from ternary In−Bi−Sn alloys as the most HCOOH-selective electrocatalyst composition among the electrocatalysts reported. A photocathode was then fabricated by coating the catalytic, protective, and conductive In 0.4 Bi 0.6 alloy layer on a halide perovskite photovoltaic, effectively utilizing its low melting point eutectic molten state. The generated photovoltage assisted reduction of the overpotential by 680 mV while producing a stable current for nearly exclusive HCOOH production under simulated AM 1.5G irradiation. This work provides a promising approach to achieving efficient and selective solar−fuel conversion.
ver-increasing anthropogenic fossil fuel consumption and CO 2 emission have caused a severe energy crisis and environmental deterioration.
1 Selective CO 2 reduction via photoelectrocatalysis is a creative approach to alleviating these issues as well as to producing value-added chemical fuels and feedstocks.
2−9 Photoelectrocatalytic CO 2 reduction directly converts CO 2 to a variety of chemicals in integrated photoabsorber−electrocatalyst systems driven by solar and/or electrical energy. 5, 6 The products of CO 2 reduction in aqueous media can be mixtures of formic acid (HCOOH), carbon monoxide (CO), formaldehyde (HCHO), methane (CH 4 ), and C 2 −C 3 hydrocarbons, largely depending on the electrocatalyst used. 10−14 The subsequent separation of these products is generally energy-and time-consuming. 15 Therefore, a considerable challenge in this field is to develop electrocatalysts and integrated photoelectrocatalytic systems to selectively and efficiently produce a singular or easily separable target product.
Among the possible products, formic acid is highly desirable because it can be used as a feedstock to synthesize various kinds of chemicals and as a hydrogen carrier for fuel cells. 10, 12, 14 In addition, formic acid is an economically viable chemical 10 that can be easily stored and transported. However, selective production of formic acid usually involves highly negative potentials for many reported electrocatalysts. 16−21 Moreover, in terms of utilizing limitless solar energy to overcome the large energy barriers for CO 2 reduction, highly active, selective, and stable photoelectrocatalytic CO 2 − HCOOH systems are still lacking. 6, 22 Recent advances have demonstrated progress in the use of semiconductors (such as silicon, 23 ZnTe, 24 InP, 25 and Cu 2 ZnSnS 4 26 ) integrated with electrocatalysts (such as SnO 2 , 23 polypyrrole, 24 and ruthenium complexes 25, 26 ) for photoelectrocatalytic CO 2 reduction to various products, including HCOOH. 22−30 However, there is still much room for improving the efficiency and, in particular, the selectivity.
Metal electrodes have been widely used for electrocatalytic CO 2 reduction due to their robustness and superior catalytic activity. 31, 32 Metals such as Pd, Pb, Co, Hg, In, Bi, Cd, and Sn have been reported to favor formic acid production over other products. 31, 32 Alloying of these metals has also been exploited to tune the selectivity and activity. For example, CuSn, shown primarily formic acid formation at negative potentials. Moreover, researchers are increasingly finding the need to explore ternary alloy systems in order to achieve further advances in metal electrode efficiency and selectivity. 36, 37 For example, He et al. systematically screened Cu−Zn−Sn ternary alloys and found that Cu 0.2 Zn 0.4 Sn 0.4 and Cu 0.2 Sn 0.8 respectively convert CO 2 to CO and HCOOH with high faradaic efficiency (FE) at low overpotentials that cannot be achieved by a single metal. 37 Although the use of multiple component systems opens vast possibilities for enhancing CO 2 reduction performance, the typical effort and chemical design involved in the systematic screening of such compositions create a prohibitive bottleneck against further exploitation.
Other than catalytic efficiency and selectivity, the materials compatibility and synergy considerations should also be taken into account when building a photoelectrocatalytic system. One particular concern is the photoabsorber in the system. Numerous semiconducting photoabsorbers are being used, such as InGaP/GaAs, 38, 39 silicon, 40, 41 and lead halide perovskites (LHPs). 42−45 Among these materials, LHPs are highly promising and attractive due to their high absorption coefficient, large diffusion length, high charge mobility, and low-cost solution manufacturing of their devices. 46−48 To date, the solar-to-electrical energy conversion efficiency of LHP photovoltaics rocketed to 24.2%, 49 while the solar-to-fuel conversion efficiency of the LHP-based photoelectrocatalytic cell has only reached 7.63% (denoted as ideal ratiometric power-saved efficiency) for water reduction hydrogen production, even loaded with noble metal Pt as the active site; 44 however, there is no report using LHP photocathodes for photoelectrocatalytic CO 2 −HCOOH conversion.
A critical issue facing LHPs is their vulnerability to air and moisture, which limits the long-term operation of LHP photoelectrocatalytic devices in aqueous solution. Moreover, LHPs are incompatible with high-temperature processing. Great efforts have been expended to making protective and conductive layers, such as Ti foil 44 and Field's metal, 42, 45 on LHP photovoltaics. However, these layers were not catalytically active on their own, although in principle using a layer that is protective, conductive, and catalytically active could be beneficial for photoelectrocatalysis due to the facile charge transfer afforded by avoiding boundaries between the protective and catalytic layers.
Herein, we chose to explore In−Bi−Sn ternary alloys as potential protective and catalytic layers for photoelectrocatalytic systems, especially ones utilizing LHP photovoltaics. The reasons are as follows: (i) the low melting points of the In, Bi, and Sn metals (generally around 100°C) enable highthroughput compositional screening of the alloys by mechanical alloying methods; (ii) MAPbI 3 -based LHP photovoltaic materials and devices can stand up to 100°C; thus the low melting point at the eutectic molten state of the alloy facilitates a damage-free coating process on LHP devices; 42 and (iii) In, Bi, and Sn metals are HCOOH-selective so that the alloys could probably provide highly selective electrocatalysts for exclusive CO 2 −HCOOH conversion.
As result of our judicious selection of the In−Bi−Sn ternary alloy system, we were able to systematical screen the ternary In−Bi−Sn alloys to obtain catalytic alloys that achieved the highest FE of nearly 100% for formic acid production. These champion compositions were then integrated as catalytic, protective, and conductive coatings onto MAPbI 3 -based photovoltaics in prototype photoelectrocatalytic devices for selective CO 2 −HCOOH conversion. We found that the In− Bi−Sn alloys possessing In-and Bi-rich surfaces showed the highest FE HCOOH in this material system. Our investigation shows that this exceptionally high figure of merit is due to the In, Bi, and In 5 Bi 3 phases having (i) low adsorption energies for HCOO*; (ii) large energy differences between the adsorption of the two CO 2 reduction intermediates (HCOO* and COOH*); and (iii) large H* adsorption energies. The perovskite photovoltaic provided a photovoltage as high as 680 mV for the photoelectrocatalytic cell, which operated stably in aqueous solution and achieved a decent photoassisted electrolysis system efficiency of 7.2% for formic acid production at an applied potential of −0.6 V vs reversible hydrogen electrode (RHE) under simulated AM 1.5G irradiation. This device represents an efficient photoelectrocatalytic cell exclusively for CO 2 −HCOOH conversion.
The In−Bi−Sn alloys were fabricated by mechanical alloying of In, Bi, and Sn metals protected in paraffin oil at 300°C. 50 The alloys were then melted and pressed into thin-film electrodes, which were used for further characterizations and measurements. A series of 21 In−Bi−Sn alloy electrodes was prepared with the relative In, Bi, and Sn molar ratios varied in a 20% increment (Figure 1a) . The experimental details are described in the Supporting Information and illustrated in Figure S1 .
The alloying of the films was confirmed by XRD patterns and SEM images (Figure 1b Figure 1a . It can be observed that indium alloyed with bismuth and tin, forming InBi, In 2 Bi, and In 5 Bi 3 phases and InSn 4 , and In 3 Sn phases, respectively. In contrast, bismuth and tin did not form alloyed phases; therefore, Bi and Sn were observed in the Bi−Sn alloys. XRD patterns for the alloys of all compositions were also obtained, as shown in Figure S2 . The alloys containing the same elements showed the same crystal phases as did the representative samples, while the intensities of the characteristic peaks for the dominant phases varied with the molar ratio.
We further took In 0.6 Bi 0.2 Sn 0.2 ternary alloy as an example to investigate the surface microstructure as In 0.6 Bi 0.2 Sn 0.2 consists of all of the phases and could thus have representative surface features. As shown in Figure 1c , the alloys possess an islandlike surface microstructure, and the islands show a sharp grayscale contrast relative to the other areas, implying that different elements are enriched in different areas on the surface. The EDX mapping shows that indium covers the entire surface, while bismuth and tin are distributed in different island-like areas, which is consistent with the XRD results indicating that indium alloys with bismuth and tin, whereas bismuth and tin do not alloy. Moreover, according to the quantitative elemental analysis performed via EDX over a 40 μm × 40 μm area (Figure 1d ; all of the ratios are summarized in Table S1 ), the surface atomic ratios of the alloys are slightly different from the feed atomic ratios with the metals with a low melting point (In < Sn < Bi) tending to enrich on the surface. This phenomenon could be attributed, on the one hand, to alloy phase segregation 53, 54 and, on the other hand, as the fabrication of the thin-film samples by a melting−pressing−cooling process, such that the metal with the lowest melting point enriched on the surface as it cooled after the other metals.
The performances of the alloy electrodes for CO 2 electroreduction were evaluated by measuring the FEs and partial current densities in 0.1 M KHCO 3 aqueous solution in a threeelectrode cell with continuous CO 2 purge (experimental details are described in the Supporting Information). The Figure 2a . The FE HCOOH of the alloys increased as the potentials became more negative, indicating that the alloys were still formic acid-selective catalysts, similarly to the individual In, Bi, and Sn metals. 55 The FE HCOOH reached a plateau at −1.2 to −1.3 V vs RHE for all of the samples, with the In 0.6 Bi 0.2 Sn 0.2 and In 0.4 Bi 0.6 alloys achieving the highest FE HCOOH values of 95−98% at −1.2 to −1.3 V vs RHE. These samples stand out as highly selective electrocatalysts for formic acid production among previously reported ones (Table S2) .
To screen the ternary alloys for formic acid production, the FE HCOOH at −1.2 V vs RHE was taken as the principal criterion, and the data points for all of the alloy electrodes were visualized as a ternary contour figure (Figure 2b ; see Table S1 for all the data points). The figure clearly shows that FE HCOOH is closely associated with the metal molar ratios. The alloys containing In−Bi are generally more favorable for formic acid production than the other combinations. In particular, In 0.4 Bi 0.6 and In 0.6 Bi 0.2 Sn 0.2 are among the best, as indicated by the red zone of the contour figure, where high FE HCOOH values exceeding 95% at −1.2 V vs RHE were achieved. Note that the overall FEs were less than 100% at less negative potentials (−1.0 to −0.8 V vs RHE), possibly due to the undesired metal redox reactions. 56 We further determined the onset potential of all of the metallic electrodes by taking the potentials enabling partial current density of 0.5 mA/cm 2 for HCOOH production as the criterion (Table S1 ). It can be seen that the onset potentials of all of the samples are very close at around −0. Figure 2c with all of the data curves shown in Figure S3 and contour figures visualized in Figure S4 . The figures show that the overall current densities of the alloys were similar, while the In−Bi alloys generally achieved current densities higher than those of the other alloys. Moreover, the In-and Bi-containing alloys showed higher partial current densities for formic acid than the other alloys (contour Figure  S4b) , further indicating that the In-and Bi-containing alloys are favorable for formic acid formation. Moreover, although the resistivities of In 0.4 Sn 0.6 and Bi 0.4 Sn 0.6 are slightly smaller than those of In 0.4 Bi 0.6 and In 0.6 Bi 0.2 Sn 0.2 (see the Supporting Information for the measurement details), the small difference in resistance in the metallic electrode did not lead to appreciable difference in CO 2 reduction performance. This indicates that the resistivity at the metal/electrolyte interface, instead of the resistivity in the metallic electrode, is the main factor effecting the CO 2 reduction performance.
Detailed kinetics studies of the representative In 0.6 Bi 0.2 Sn 0.2 , In 0.4 Bi 0.6 , In 0.4 Sn 0.6 , and Bi 0.4 Sn 0.6 alloy electrodes were performed by electrochemical impedance spectroscopy (EIS, Figure S5 ) and Tafel plots (Figure 2d ). The EIS results show that the In 0.4 Bi 0.6 electrode presented a semicircle with a small radius, suggesting a lower electron transfer resistance than the other samples. Together with the measurements of the resistivity of the metallic electrode, this result implies better conductivity (especially at the metal/electrolyte interface) and separation efficiency of the charge carriers, which promotes the CO 2 reduction process on In 0.4 Bi 0.6 . The representative electrodes yielded slopes of 135−190 mV/dec for formic acid production, as shown in the Tafel plots, which suggest that the rate-determining step of CO 2 electroreduction on the In−Bi−Sn alloy electrodes is the first electron transfer for the formation of CO 2 •− . 57−59 This transfer is accepted as the initial step of CO 2 reduction on most metallic electrodes. 58, 59 Note that there is a deviation from linear correlation (especially for the In 0.4 Bi 0.6 and In 0.6 Bi 0.2 Sn 0.2 samples) in the Tafel plot at high overpotentials, which is commonly known to be due to mass transport limitation. Among the samples, the In 0.6 Bi 0.2 Sn 0.2 and In 0.4 Bi 0.6 electrodes exhibited lower Tafel slopes than the others, indicating that these samples exhibit faster reaction kinetics for the CO 2 reduction than the other alloys.
We further attempted to understand the selectivity of the In−Bi−Sn alloys by calculating and comparing the adsorption energies of the CO 2 reduction and H 2 O reduction intermediates on the alloy surfaces. For CO 2 reduction, the two intermediates of COOH* and HCOO* were considered for the computational analysis of CO and HCOO − production, the energy levels of which were compared relative to adsorbed bicarbonate (CO 3 H*) species. 33 On the contrary, for H 2 evolution, H* energy levels were calculated relative to adsorbed H 2 O on the alloy surfaces.
The corresponding energy profiles are depicted in Figure 3 . On the In, Bi, and In−Bi alloy surfaces, the adsorption energies of HCOO* (E a ) and the energy differences (ΔE) between the adsorption of the two intermediates (HCOO* and COOH*) are respectively more negative and larger than those on the Sn surface. The more negative E a and larger ΔE values indicate that the In-and Bi-containing alloys are more favorable for HCOOH production instead of CO production than the Sncontaining alloys for CO 2 reduction reactions. However, for H* formation, the Sn surface shows a smaller adsorption energy (E c ) than the other alloy surfaces, which suggests that the Sn-containing alloys could be more favorable for H 2 production than the In-and Bi-containing alloys.
The In−Bi alloys (InBi, In 5 Bi 3 , In 2 Bi) showed almost equally large H* adsorption energies, making them unfavorable for H 2 O reduction. In contrast, for CO 2 reduction, In 5 Bi 3 showed more negative E a and larger ΔE values than the other alloy phases; thus, In 5 Bi 3 could be the most HCOOH-selective alloy phase. This finding partially corroborates the experimental results indicating that the In 0.4 Bi 0.6 and In 0.6 Bi 0.2 Sn 0.2 alloys containing largely dominant In 5 Bi 3 phases (XRD patterns in Figure 1b ) achieved higher HCOOH selectivity. Here we should note that some ternary Sn-containing alloys (for example, In 0.6 Bi 0.2 Sn 0.2 ) did stand out from others (in terms of selectivity and efficiency), despite containing a small amount of Sn. This behavior is very likely due to the In, Bi, and In 5 Bi 3 phases present, even in those Sn-containing compositions, that dominate the material's CO 2 to HCOOH conversion activity.
Thus, the alloys containing In, Bi, and In 5 Bi 3 could be the optimal catalytic alloys for selective HCOOH production. We further fabricated a catalytic alloy-coated halide perovskite photocathode by selecting In 0.4 Bi 0.6 as the catalytic coating layer and a MAPbI 3 -based halide perovskite photovoltaic with a high power conversion efficiency of 18.7% ( Figure S6) . MAPbI 3 has a small band gap of 1.5 eV and, therefore, absorbs a wide spectrum of light ( Figure S7 ). The low melting point of In 0.4 Bi 0.6 near the eutectic state of In−Bi alloys facilitates the coating process at temperatures below 100°C. The thickness of the In 0.4 Bi 0.6 layer in the photocathode is 200 μm. The structure of the photocathode is shown in Figure 4a , and the fabrication process is described in detail in the Supporting Information. The approximate energy levels of the layers in the photoelectrode are shown in Figure S8 . Driven by the energylevel difference, the photoexcited charge carriers from the MAPbI 3 will be separated by the charge-selective contacts: the hole transport layer (PTAA) and the electron transport layer (C60/BCP). Subsequently, the electrons will flow to the In 0.4 Bi 0.6 coating layer to participate in the CO 2 reduction reactions. Notably, the current density of the In 0.4 Bi 0.6 / perovskite photocathode under illumination was greatly enhanced relative to that of the metal electrodes alone (Figure  4b) , indicating an effective photoassisted electrocatalytic CO 2 reduction process. The In 0.4 Bi 0.6 /perovskite photocathode showed negligible current density in the dark, confirming that the enhanced current density originates from the photoassisted CO 2 reduction instead of the electrochemical degradation of MAPbI 3 . 43 We propose that the present photoelectrochemical (PEC) system could be more compact and tunable than the photovoltaic + electrocatalytic (PV + EC) system for CO 2 reduction. The reasons are that (i) 2.23 V will be needed to drive the CO 2 reduction when Pt is used as the anode and an In 0.4 Bi 0.6 electrode is used as the cathode, which will require three halide perovskite PV cells as one cell provides at most 1.06 V, while the PEC system provides a compact and simpler structure by using only one cell with the additional voltage provided by the external circuit; (ii) CO 2 reduction gives a specific product (or mixtures) at a specific potential that can be easily achieved in the PEC system by controlling the external circuit while the PV cells (or tandem PV cells) have to be carefully designed to provide a certain photovoltage to drive the CO 2 reduction efficiently for a specific product.
With the In 0.4 Bi 0.6 /halide perovskite photocathode, nearly 100% FE for formic acid production could be achieved at a low applied potential of −0.52 V vs RHE under AM 1. (Table S1 ) when taking the potential enabling a partial current density of 0.5 mA/cm 2 for HCOOH production as the criterion. After integration with the MAPbI 3 PV, which provides a 680 mV photovoltage, the onset potential of the MAPbI 3 PV/In−Bi photoelectrode shifted to −0.15 V vs RHE. We further calculated the photoassisted electrocatalysis efficiency (η PAE ) 23, 60 to estimate the overall efficiency of the In 0.4 Bi 0.6 /perovskite photocathode for selective CO 2 reduction to HCOOH, with the calculation details shown in the Supporting Information. Specifically, we used the current density (5.5 mA/cm 2 ) at an applied potential of −0.6 V vs RHE to calculate the η PAE because at −0.6 V the system stably produced formic acid at nearly 100% FE for at least 1.5 h (Figure 4d) . A η PAE of 7.2% was determined using our system for exclusive formic acid production. This photoelectrocatalytic cell is a highly selective system for converting CO 2 to HCOOH with decent efficiency compared with the values reported in previous studies (Table S3 ). The efficiency of the system could be further enhanced by means of nanostructuralization of the In−Bi catalytic layer to enable high current density and usage of an anode with a relatively low overpotential for water oxidation.
In summary, our selection of a low-melting point ternary In−Bi−Sn alloy system enabled a rational compositional screening strategy for identifying the most selective composition for electrochemical CO 2 -to-HCOOH conversion. In 0. 4 By a simple low-temperature coating process, we fabricated a catalytic and protective In 0.4 Bi 0.6 alloy coating on the LHP photovoltaic devices. The photoelectrocatalytic system operated stably in aqueous solution and achieved a photoassisted electrolysis system efficiency of 7.2% for highly selective formic acid production at an applied potential of −0.6 V vs RHE under simulated AM 1.5G irradiation. Our ternary compositional screening strategy, together with the demonstration of a highly efficient and selective photoelectrocatalytic cell, provides a promising design methodology to achieve highly efficient and selective solar-fuel conversion. 
